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Clonal cell lines representing early cardiomyocytes would provide valuable reagents for the dissection of the genetic
program of early cardiogenesis. Here we describe the establishment and characterization of cell lines from the hearts of
transgenic mice and embryos with SV40 large T antigen expressed in the heart-forming region. Ultrastructure analysis by
transmission electron microscopy showed the primitive, precontractile nature of the resulting cells, with the absence of
myofilaments, Z lines, and intercalated disks. Immunohistochemistry, RT-PCR, Northern blots, and oligonucleotide
microarrays were used to determine the expression levels of thousands of genes in the 1H and ECL-2 cell lines. The resulting
gene-expression profiles showed the transcription of early cardiomyocyte genes such as Nkx2.5, GATA4, Tbx5, dHAND,
cardiac troponin C, and SM22-a. Furthermore, many genes not previously implicated in early cardiac development were
xpressed. Two of these genes, Hic-5, a possible negative regulator of muscle differentiation, and the transcription
nhancing factor TEF-5 were selected and shown by in situ hybridizations to be expressed in the early developing heart. The
results show that the 1H and ECL-2 cell lines can be used to discover novel genes expressed in the early
cardiomyocyte. © 2001 Academic Press
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(INTRODUCTION
We are only beginning to understand the genetic blue-
print of early heart development. Studies using a number of
model systems, including mouse, frog, zebrafish, and fly,
have uncovered a conserved genetic program that controls
the initial stages of heart development (Srivastava and
Olson, 2000). Cardiogenesis is initiated when mesodermal
cells are specified to enter the cardiomyocyte cell lineage in
response to signals, including bone morphogenetic proteins.
These signals activate the expression of the homeobox gene
tinman in flies and the orthologous Nkx2.5 in vertebrates,
the first known marker of the cardiac lineage. Although
considerable progress has been made, with many important
genes characterized, it remains likely that many more key
genetic regulators of early heart development remain to be
identified.
1 To whom correspondence should be addressed at Children’s
Hospital Research Foundation 3007, Division of Developmental
Biology, 3333 Burnet Avenue, Cincinnati, OH 45229-3300. Fax:i(513) 636-4317. E-mail: steve.potter@chmcc.org.
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All rights of reproduction in any form reserved.Cell lines can provide useful experimental systems for
the study of developmental processes. The directed expres-
sion of SV40 Tag in transgenic mice by tissue-specific and
temporally restricted promoter elements can result in the
immortalization and developmental arrest of selected cell
types (Hanahan, 1985; Mahon et al., 1987; Wikenheiser et
al., 1992). This approach has been used to establish cell
lines that represent differentiated cardiomyocytes. The
atrial natriuretic factor (ANF) promoter has been used to
express SV40 Tag in transgenic mice, producing cell lines
that are highly differentiated, containing myofibrils, trans-
verse tubules, and intercalated discs (Delcarpio et al., 1991;
Field, 1988; Steinhelper and Field, 1990; Steinhelper et al.,
1990). Using a similar approach, the AT-2 cardiomyocyte
cell line was made from transgenic mice with SV40 Tag
expression controlled by the cardiac a-myosin heavy chain
a-MHC) promoter (Katz et al., 1992). Expression of SV40
Tag in the heart was also previously accomplished by using
other heart-specific regulatory elements (De Leon et al.,
994), by using promoters that are not heart restricted
Behringer et al., 1988), as well as retroviral or adenovirus
nfection (Engelmann et al., 1993; Sen et al., 1988). The cell
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508 Brunskill et al.lines generated in these studies uniformly represent
late-stage cardiomyocytes. Although extremely useful,
these cells are not appropriate for the study of early heart
development.
A promoter element derived from the 59 flanking region
of the mouse Nkx2.5 gene was shown to drive gene expres-
ion in cardiac progenitor cells of the heart-forming region
Searcy et al., 1998). This regulatory element is active in the
arly cardiogenic region concurrently with the initial acti-
ation of endogenous Nkx2.5. In this study, we have used
his promoter to direct SV40 Tag expression in the cells of
he early heart-forming region in transgenic mice. Seven
lonal cell lines were made from the hearts of three trans-
enic embryos and one transgenic mouse. The gene-
xpression profiles of the cells were determined by RT-
CR, Northern blot, and oligonucleotide microarrays. The
ell lines expressed a number of genes associated with heart
evelopment, including Nkx2.5, GATA4, Tbx5, dHAND,
ardiac troponin C, and SM22-a, consistent with an early
cardiac character. In addition we detected the expression of
a large number of potential regulator genes not previously
associated with cardiogenesis. Two of these genes, Hic-5
nd TEF-5, were selected for further study. In situ hybrid-
izations showed the expression of both of these genes in the
early developing heart, confirming the usefulness of these
cell lines for gene discovery. In addition these cell lines
provide new experimental systems for study of the up-
stream regulation and downstream effects of the many
interesting genes they express.
MATERIALS AND METHODS
Cloning and Generation of Nkx2.5–SV40 Tag
Transgenic Mice
The Nkx2.5– SV40 Tag transgene consisted of the 59 flanking region
from the mouse Nkx2.5 gene fused to the SV40 early-region se-
quences. The Nkx2.5 promoter region, nucleotides (2)3059 to (1)223,
was described previously (Searcy et al., 1998). The SV40 early-region
sequence was obtained from Gibco-BRL (Rockville, MD) and contains
29 base pairs of sequence upstream of the ATG, the initiation codon
for large T antigen, the coding sequences for large T and small T
antigens, and the polyadenylation signal. A StuI/BamHI fragment,
containing the SV40 Tag early region, was blunt-ended using Klenow
and ligated into the EcoRV site of pmNKX2.5 to create the plasmid
Nkx2.5– SV40 Tag (Fig. 1). FVB/N transgenic founder mice were made
using the Nkx2.5– SV40 Tag construct as previously described
(Hogan, 1986). Transgenic mice were identified by Southern blot
analysis of tail DNA using the 2.7-kilobase SV40 Tag DNA fragment
from the original construct as a probe.
Histology and in Situ Hybridization
Tissue samples were fixed in 4% paraformaldehyde and pro-
cessed for histology or in situ hybridization experiments (Davis et
al., 1995). Whole-mount and section in situ hybridizations were
performed as previously described (Davis et al., 1995). A 1.1-kb
fragment containing the entire coding region of mouse Tbx5 was
used as a probe for in situ hybridizations (Liberatore et al., 2000).
Copyright © 2001 by Academic Press. All rightThe use of the embryonic-specific isoform of cardiac troponin T as
probe has been described (Witte et al., 1996). The Hic-5 and TEF-5
probes were generated by RT-PCR using RNA isolated from the 1H
cell line and the following oligonucleotides: Hic-5, 59-CACGGT-
TAGGGGCTCCAAAA and 59-CTTGCCCAGCTATAGGTTTA;
TEF-5, 59-TAGCCCAGCCCCCCTGGGTTT and 59-GAGCCC-
TGTCTAGGCTTCAGC.
Cell Culture
Embryonic or adult hearts were dissected, cells dissociated, and
cultures established as previously described (Windle et al., 1990).
The embryonically derived cell lines were isolated from transgenic
embryos 10.5 days after pronuclear microinjection. Cell popula-
tions were grown in Dulbecco’s minimum essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco-
BRL), 1% chicken embryo extract (Gibco-BRL), and penicillin/
streptomycin (Gibco-BRL). At passage 5 the cells were plated at
high dilution, giving individual colonies. Clones were established
using cloning disks (PGC Scientifics). Three cell lines (1H, 1HB,
and 6H) were derived from three E10.5 embryos and four cell lines
(ECL-2, ECL-32, ECL-38, and ECL-41) were derived from the heart
of transgenic mouse 13.4 at postnatal day 21.
Immunocytochemistry
Cell were grown in two-well chamber slides to 60% confluence
and fixed with 4% paraformaldehyde for 5 min. Cells were washed
three times with PBS. Nonspecific antibody binding was blocked
with a 30-min incubation in goat serum in PBS containing 0.1%
Triton X-100. Cells were then incubated with an antibody specific
for smooth muscle a-actin (Sigma, St. Louis, MO) for 1 h at room
emperature, rinsed with PBS three times, and then incubated with
fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit anti-
ody (Sigma). Cells were washed three times with PBS, covered
ith Vectashield containing propidium iodide (Vector Laborato-
ies, Burlingame, CA), and coverslipped with clean glass micro-
cope slides. Cells were visualized by fluorescence microscopy.
RT-PCR, Northern Blot Analysis, and
Oligonucleotide Microarrays
RNA was isolated from cell lines (passages 56–61) grown to 90%
confluence and harvested from tissue culture dishes using RNA-
FIG. 1. Nkx2.5–SV40 Tag transgene. The transgene contains the
promoter region of the murine Nkx2.5 gene linked to the SV40 early
region. The hatched region from the Nkx2.5 promoter represents 223
bp of exon I and the arrow indicates the transcription start site. The
SV40 early region contains the protein-coding region for large and
small T antigens, the translation initiation, and transcription termi-
nation sites, but lacks the SV40 early promoter. Restriction sites:
BamHI (B), HindIII (H), NotI (N), and XhoI (Xh).zolB (Tel-Test, Friendswood, TX) according to the manufacturer’s
s of reproduction in any form reserved.
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509Discovery of Genes Involved in Early Heart DevelopmentFIG. 2. Histological analysis of Nkx2.5–SV40 Tag transgenic hearts. (A) Gross appearance of a heart from a nontransgenic littermate cut
n a longitudinal orientation to reveal the right and left ventricular chambers. (B) Gross appearance of heart from transgenic line 13.4. The
eart was uniformly enlarged with the presence of large pale masses arising from the subendocardial region of the myocardium, and
rotruding into the ventricular chambers. (C) Histologic photomicrograph of a section through the heart of a nontransgenic littermate with
view predominantly of the left ventricle. (D) Higher magnification of the myocardium from the heart shown in C. The myocardial fibers
ere uniform in size and shape, and were well differentiated. (E) Histologic photomicrograph through the entire heart of transgenic 13.4.
ll chambers were enlarged. Tumor masses were most prominent in the left ventricle. (F) Higher magnification of a tumor from the heart
hown in E. The tumor, located in the right upper half of the photomicrograph, was cellular, with highly pleomorphic nuclei. The tumor
ells were poorly differentiated with pale staining cytoplasm and did not show characteristic myocardial fiber maturation. (G) Histologic
hotomicrograph of transgenic 13.5 heart. Tumor transformation was seen in the subendocardial region of all the chambers (blue staining
reas). (H) Higher magnification illustrating the histology of the tumor growth in the subendocardial region shown in G. The tumor, located
n the right upper half of the photomicrograph, was cellular, with highly pleomorphic nuclei. The tumor cells were poorly differentiated
ith pale staining cytoplasm but had some characteristic myocardial fiber maturation.
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510 Brunskill et al.protocol. Poly(A)1 RNA was isolated from total RNA using Oligo-
ex (Qiagen, Chatsworth, CA) according to the manufacturer’s
rotocol. A 2-mg sample of poly(A)1 RNA was electrophoresed into
1.2% agarose gels and transferred onto GeneScreen Plus mem-
branes. Probes were radiolabeled by random priming and hybrid-
ized to membranes using standard techniques (Ausubel et al.,
1992). Filters were sequentially hybridized with the following
probes and stripped between probing: murine Nkx2.5 (Komuro and
Izumo, 1993), murine GATA4 (Molkentin et al., 1997), and murine
bx5 (Liberatore et al., 2000). SV40 Tag and GAPDH probes were
generated by PCR using gene-specific oligonucleotides. RT-PCR of
cardiomyocyte-specific genes was performed after reverse tran-
scription of 5 mg of total RNA. PCR was performed for 35 cycles
with the following cycling parameters: 94°C for 1 min, 60°C for 1
min, and 72°C for 1 min, with an additional 10-min incubation
at 72°C after cycle completion. Primers used for PCR were as
follows: a-MHC, 59-GGAAGAGTGAGCGGCCATCAAGG-39
and 59-CTGCTGGAGAGGTTATTCCTCG-39; b-MHC, 59-GCC-
AACACCAACCTGTCCAAGTTC-39 and 59-TGCAAAGGCTC-
CAGGTCTGAGGGC-39; GATA4, 59-CTGTCATCTCACTAT-
GGGCA-39 and 59-CCAAGTCCCAGGAGGAATTT-39; MEF-2C,
FIG. 3. Nkx2.5–SV40 Tag transgenic hearts expressed early heart
the embryonic form of cardiac troponin T (cTNT). The tumor mass
ndicated by the bright white signal in this dark-field illumin
hotomicrograph, showed no significant signal. (B) Bright-field i
ybridization with a probe specific for Tbx5. Expression of Tbx5 tra
yocardium, as indicated by the bright white signal in this dark-fi
ection shown in C. Box represents enlarged area found in C.9-AGGAAGAATACGATGCCATC-39 and 59-GAAGGGGTGG- b
Copyright © 2001 by Academic Press. All rightGGTACGGTC-39. An Affymetrix Mu6500 probe array set, in-
luding chips A–D representing 6500 genes, was used as described
Li et al., 1999; Lockhart et al., 1996; Wodicka et al., 1997).
RESULTS
Nkx2.5–SV40 Tag Transgenic Mice Develop
Heart Tumors
To facilitate the isolation of an early cardiomyocyte cell
line, the Nkx2.5 promoter was used to drive the expression
of SV40 Tag in transgenic mice (Fig. 1). This construct
ncluded 3.0 kb upstream from the transcriptional start site
nd 223 bp from the untranslated region of exon I. This
romoter element has been shown to drive restricted ex-
ression of lacZ in transgenic mice in the early cardiac
rescent as early as E7.25 and in limited regions of the
eveloping heart at later stages (Searcy et al., 1998). The
kx2.5– SV40 Tag construct was introduced into zygotes
lopment genes. (A) In situ hybridization with a probe specific for
ed strong expression of the embryonic form of the cTNT gene, as
. Normal cardiomyocytes, seen in the lower right half of the
inated photomicrograph of the section shown in A. (C) In situ
pts was localized to the tumors of the subendocardial region of the
illumination. (D) Bright-field illuminated photomicrograph of thedeve
show
ation
llum
nscri
eldy pronuclear microinjection, resulting in two founder
s of reproduction in any form reserved.
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511Discovery of Genes Involved in Early Heart Developmenttransgenic mice. Expression of Nkx2.5–SV40 Tag was lethal
approximately 3 weeks after birth, preventing the establish-
ment of transgenic lines.
Transgenic founder mice 13.4 and 13.5 were euthanized
for analysis at postnatal day (d) 21 when they became
cyanotic. Gross analysis revealed that the transgenic hearts
were dramatically larger than those of nontransgenic litter-
mates (Figs. 2A and 2B and data not shown). As shown in
Fig. 2B, the heart from transgenic mouse 13.4 was uni-
formly enlarged, with masses in the subendocardial region
of the myocardium protruding into the ventricular cham-
bers. The atrial walls had irregular areas of thickening, but
no protruding masses. The cyanosis seen in transgenic mice
was likely due to the interference of the tumors with
normal heart function.
Histological sections further illustrated the remarkable
enlargement of the cardiac chambers and better defined the
tumors in transgenic mice (Figs. 2C, 2E, and 2G). The
tumors in the heart of transgenic 13.4 were pedunculated,
with stalklike connections to the ventricular chamber
walls. The heart of transgenic 13.5 had tumors in the
subendocardial region of the myocardium, resulting in a
diffusely enlarged heart. In comparison, histological sec-
tions of a nontransgenic littermate showed uniform thick-
ness of the ventricular wall with normal papillary muscles
in the ventricular lumen. Unlike the uniform size and
shape of differentiated myocardial cell nuclei in a nontrans-
genic littermate, higher magnification of cells located in the
tumors of the transgenic mice revealed that the nuclei were
often spindle shaped or pleomorphic (Figs. 2D, 2F, and 2H).
In addition, the tumor cells from the heart of transgenic
mouse 13.4 were poorly differentiated with pale staining
cytoplasm and did not show characteristic myocardial fiber
maturation. The tumor cells from transgenic mouse 13.5
were also poorly differentiated with pale staining cytoplasm
but exhibited some features of partial myocardial fiber
maturation.
To determine whether the tumor cells represented an
early stage in cardiac development, in situ hybridizations
ere used to examine the expression of several early cardiac
arker genes in the 13.4 transgenic mouse heart. A probe
pecific for the embryonic form of cardiac troponin T
cTNT) detected expression only in cells of the tumor (Figs.
A and 3B) (Witte et al., 1996). No hybridization signal was
etected in the surrounding adult ventricular myocardium.
bx5, a gene belonging to the T-box family of transcription
actors, is expressed throughout the early heart-forming
egion and becomes restricted to the atria of the adult heart
Chapman et al., 1996; Liberatore et al., 2000). In situ
hybridizations showed that Tbx5 expression was confined
to the tumor, but was not present in the adjacent ventric-
ular myocardium (Figs. 3C and 3D). Finally, in situ hybrid-
izations showed that the Nkx2.5– SV40 Tag was expressed
in the tumors of the left ventricle, but not in the adult left
ventricular myocardium (data not shown). The Nkx2.5
promoter elements used to express SV40 Tag are active in
cells that are precursors to the adult left ventricle, but not
Copyright © 2001 by Academic Press. All rightin the adult left ventricle itself (Searcy et al., 1998). This
contrasts with the complete promoter of the endogenous
Nkx2.5 gene, which is also active in the adult left ventricle.
The overlapping expression of cTNT, Tbx5, and the Nkx2.5
promoter sequences used in this study occurs early in the
heart tube, but not in adult cardiomyocytes.
Derivation of Cell Lines from NKX2.5–SV40 Tag
Transgenic Mice and Embryos
To establish cell lines, the heart from the 3-week-old
Nkx2.5– SV40 Tag transgenic mouse 13.4 was dissected and
dispersed into single cells, and cultures were established
(Windle et al., 1990). Four clonal cell lines were established,
designated ECL-2, ECL-32, ECL-38, and ECL-41.
In addition we isolated three cell lines from each of three
E10.5 Nkx2.5–SV40 Tag transgenic embryos. Clonal deriva-
tives were made at passage 5 and designated 1H, 1HB, and
6H. The cells of all of the established lines divided rapidly
and were maintained in culture for over 50 passages. Unlike
primary cardiomyocytes grown in culture, none of the cell
lines from Nkx2.5–SV40 Tag transgenic mice or embryos
were spontaneously contractile.
Gene-Expression Profiles of Nkx2.5–SV40
Tag Cell Lines
The gene-expression profiles of the cell lines derived from
both adults and embryos were characterized extensively
using RT-PCR, Northern blots, and Affymetrix gene-chip
probe arrays to determine whether they provided a faithful
representation of the early cardiomyocyte. RT-PCR showed
that the 1H and ECL-2 cell lines expressed GATA4, a
transcription factor gene expressed in the early heart-
forming region as well as in the adult heart (Fig. 4A). In
addition the cell lines expressed MEF-2C, which encodes a
MADS box protein expressed in heart progenitor cells prior
to linear heart tube formation and also in the adult heart.
Because the primers were designed to amplify both alter-
nate splicing forms of MEF-2C, two bands were observed.
Finally, a low level of b-MHC expression was detected in
he 1H and the ECL-2 cell lines, compared to a wild type
dult heart. The expression of a-MHC, which is activated
later than b-MHC, was not detected in the cell lines
(Robbins et al., 1990; Sanchez et al., 1991). These results
show cardiac character and are consistent with the cell
lines representing early cardiomyocytes.
Northern blot analysis was used to further determine if
the cell lines expressed genes associated with early heart
development. As shown in Fig. 4B, Nkx2.5 was expressed in
all cell lines. Levels of Nkx2.5 expression varied however,
with expression in clone 1H, for example, considerably
lower than for clone 6H. In addition, GATA4 and Tbx5
transcripts were detected in both adult and embryo derived
cell lines, again at variable levels, in all but ECL-32. Finally,
Northern blot analysis revealed that all of the adult and
embryo derived cell lines expressed high levels of SV40 Tag,
s of reproduction in any form reserved.
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512 Brunskill et al.indicating the Nkx2.5 regulatory elements necessary to
ontrol the expression of SV40 Tag in early cardiac devel-
opment remained active. Together, these results again
showed that all of the cell lines except ECL-32 have
gene-expression patterns associated with early cardiomyo-
cytes.
The gene-expression profiles of two cell lines were more
extensively catalogued, using oligonucleotide microarray
analysis, to examine transcript levels for 6500 characterized
genes and expressed sequence tags (ESTs) (Lockhart et al.,
996). RNA was isolated from the 1H and ECL-2 cell lines,
FIG. 4. Expression of cardiac genes in adult and embryo derived
ell lines. (A) RT-PCR analysis of b-myosin heavy chain (b-MHC),
a-myosin heavy chain (a-MHC), GATA4, and MEF-2C expression
in 1H and ECL-2 cell lines. Adult heart was used as a positive
control. Molecular size markers are indicated at the left. (B) A 2-mg
sample of poly(A)1 RNA from adult and embryonic derived cell
ines was analyzed by Northern blot analysis for the expression of
ardiac genes. Probes used for hybridizations are indicated to the
eft of each blot. Cell lines used for RNA isolation are indicated at
he top of each blot. This figure represents a single blot that was
ybridized with the following probes: murine Nkx2.5, murine
GATA4, murine Tbx5, SV40 Tag, and GAPDH as an RNA loading
control.iotinylated, and hybridized to chips A–D of the Mu6500
Copyright © 2001 by Academic Press. All rightet from Affymetrix. This analysis detected the expression
f 1883 genes in the 1H cell line and 1597 genes in the
CL-2 cell line. (A complete list will be provided upon
equest. The differences primarily reflect individual chip
ariation in detection sensitivity for low abundance tran-
cripts.) A number of the transcripts identified are known
arkers of early heart development (Table 1). For example,
xpression of contractile protein genes including smooth
nd skeletal muscle a-actin, low levels of cardiac a-actin,
myosin light chain 2a (MLC-2a), a-tropomyosin,
b-tropomyosin, and cardiac troponin C (cTnC) was de-
ected. The basic helix–loop–helix transcription factor
HAND and the homeobox genes Prx2 and Msx2 were also
xpressed. Several signal transduction genes including
ardiotrophin-1, Stat-3, and janus kinase-1 (Jak1) were
xpressed. VCAM-1, a cytokine-inducible surface protein,
hich is expressed in the heart-forming region at E7.5, was
lso transcribed (Kwee et al., 1995). Together, the gene-
xpression profiles generated using oligonucleotide mi-
roarrays confirmed that these cell lines expressed genes
ssociated with early heart development.
Immunocytochemical Analysis of Nkx2.5–SV40
Tag Cell Lines
During cardiomyocyte development, there is a sequential
activation of muscle a-actin isoforms. Early in cardiac
evelopment, smooth muscle a-actin is the major a-actin
isoform expressed. As development proceeds, smooth
muscle a-actin is sequentially replaced by skeletal and
cardiac a-actin isoforms (Hayward and Schwartz, 1986;
Ruzicka and Schwartz, 1988). Smooth muscle a-actin was
the predominant actin isoform expressed in the 1H and
ECL-2 cell lines, as determined by oligonucleotide arrays.
To further confirm this, immunocytochemistry was per-
formed using antibodies specific for this a-actin isoform. As
shown in Fig. 5, an antibody specific for the smooth muscle
a-actin isoform detected high levels of protein in the 1H
and ECL-2 cell lines. Negative control experiments with
the primary antibody omitted, but otherwise identical con-
ditions, showed no staining (data not shown).
Ultrastructure Analysis
One hallmark of differentiated cardiac cells is the forma-
tion of sarcomeres. The gene-expression profiles suggested
that the IH and ECL-2 cell lines represented cardiomyo-
cytes prior to sarcomere formation. To more closely exam-
ine whether these cells formed organized sarcomeres, their
ultrastructures were examined using transmission electron
microscopy. As shown in Fig. 6, the cells of both the 1H and
ECL-2 lines were primitive and undifferentiated in appear-
ance. The most distinguishing feature of the cells was giant
nuclei, which were highly convoluted and frequently had
prominent nucleoli. There was a small to moderate amount
of cytoplasm, which contained numerous ribosomes and
rough endoplasmic reticulum, some of which were dilated.
s of reproduction in any form reserved.
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513Discovery of Genes Involved in Early Heart DevelopmentHowever, there was no evidence of myofibril formation, no
thin or thick myofilaments, and no Z-line structures. The
cells did not make intercalated disks. The rare cell junc-
tions that formed were poorly developed (see inset of Fig.
6B). These results suggest that the cell lines lacked ultra-
structural contractile elements, and are consistent with the
conclusion that the cell lines represent early, precontractile
cardiomyocytes.
Using the 1H and ECL-2 Cell Lines
for Gene Discovery
The oligonucleotide microarray expression data provided
a catalog of over 1000 genes expressed in the 1H and ECL-2
cell lines. A number of these genes have been previously
associated with cardiac development. In addition this ex-
pression catalog identified many genes not previously asso-
ciated with early heart development, including TEF-5, a
ember of the TEA domain family of transcription factors
Jacquemin et al., 1997, 1998); Ear-2, an orphan nuclear
hormone receptor (Miyajima et al., 1988); HFH-8, a member
of the forkhead family (Peterson et al., 1997); Hic-5, a
im-domain containing protein (Shibanuma et al., 1994);
nd HDGF, a hepatoma-derived growth factor (Izumoto et
l., 1997).
We selected two genes, TEF-5 and Hic-5, for further
FIG. 5. Expression of smooth muscle a-actin in the 1H and ECL-2 c
with an anti-smooth muscle a-actin antibody and then treated with a
with propidium iodide (red). The cells were visualized by immunofluonalysis and confirmed their expression in the early devel- w
Copyright © 2001 by Academic Press. All rightping heart by whole-mount in situ hybridizations. In
revious reports TEF-5 expression was detected in the E13.5
eart, but possible earlier expression was not examined
Jacquemin et al., 1997, 1998). We detected TEF-5 expres-
sion in the atria and ventricles of the developing heart at
E9.5 and E10.5 (Fig. 7A and data not shown). TEF-5 was also
xpressed in the ectoderm of the developing forelimb and
indlimb, as well as in the hyoid arch, and the mandibular
nd frontonasal processes. At E9.5 and E10.5, Hic-5 expres-
ion was detected in the atria and ventricles of the devel-
ping heart, as well as in the developing somites (Fig. 7B
nd data not shown).
To further define the expression of Hic-5 during develop-
ent we performed section in situ hybridizations. This
nalysis first detected weak to moderate expression of Hic-5
n the developing heart tube at E8.0 (Fig. 8A). At E10.5,
xpression of Hic-5 continued in the developing heart and
as also detected in the myotome layer of the developing
omite, confirming the expression of Hic-5 seen by whole-
ount in situ hybridization (Fig. 8B). In the E12.5 embryo,
trong expression of Hic-5 was detected in the smooth
uscle layer of the developing intestinal tract. There was
lso continued expression in the heart, as well as a weak
ignal in the mesenchymal tissue around the bronchial
uds of the developing lung and in the developing dia-
hragm (data not shown). At E14.5, a moderate Hic-5 signal
nes. The 1H (A and B) and ECL-2 (C and D) cell lines were incubated
C-conjugated secondary antibody (green). The nuclei were visualized
nce microscopy using a 320 (A and C) or 340 (B and D) objective lens.ell li
FITas detected in the atria and a weak signal in the ventric-
s of reproduction in any form reserved.
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514 Brunskill et al.ular myocardium (Fig. 8C). At this time, strong expression
was also detected in the muscle layers of the intestinal
tract, around the bronchial airways, diaphragm, and in the
region of the developing spinal muscles (Figs. 8D and 8E and
data not shown). Hic-5 expression also was detected in the
esenchymal tissue of the developing metanephric kidney
data not shown). At E16.5 Hic-5 expression continued in
he muscle layers surrounding the intestinal tract, bron-
hial airways, bladder, wall of the ureter, and developing
uscles in the head and neck region (Fig. 8F and data not
hown). Also at this stage, a signal was detected in the
egakaryocytes in the liver (Fig. 8G). The heart showed
eak expression in the cardiac muscle at this stage of
evelopment. Finally, Hic-5 expression was detected in the
intracostal skeletal muscle of the chest wall, as well as in
the mesenchyme surrounding the cartilage of the develop-
ing ribs (Fig. 8H).
DISCUSSION
We derived heart cell lines from Nkx2.5–SV40 Tag trans-
genic mice and embryos. These cell lines are clonal in
origin, and apparently immortalized, growing rapidly in
culture for over 50 passages. Ultrastructure analysis indi-
FIG. 6. Transmission electron microscopy of the 1H and ECL-2 c
nd ECL-2 cells showed similar features. Both appeared undiffe
eticulum and numerous ribosomes. The inset shows a rare group
vidence of sarcomere development.cated the cells are precontractile. The gene-expression pat- b
Copyright © 2001 by Academic Press. All rightterns of the cell lines were extensively characterized using
immunohistochemistry, RT-PCR, Northern blots, and Af-
fymetrix gene-chip probe arrays. The results strongly sug-
gest that the 1H and ECL-2 cells provide an excellent
representation of the early developing cardiomyocyte. Fur-
ther, the expression of both Hic-5 and TEF-5 in the early
heart confirmed the utility of these cells in identifying early
cardiac genes.
The 1H and ECL-2 cell lines transcribed a large number
of genes previously associated with early heart develop-
ment. For example, they expressed smooth muscle
a-actin, a predominant actin isoform present during early
eart development at E8.0, but no longer detectable in
he heart at E13.5 (Hayward and Schwartz, 1986; Li et al.,
996; Ruzicka and Schwartz, 1988). The cells also ex-
ressed SM22-a, which is transcribed in the developing
heart between E8.0 and E12.5, and cardiotrophin-1,
which is expressed in the embryonic heart between E8.0
and E15.5 (Li et al., 1996; Sheng et al., 1996; Wollert and
Chien, 1997). The 1H and ECL-2 cell lines also expressed
a number of transcription factor genes associated with
the earliest stages of heart development, including
Nkx2.5, GATA4, dHAND, and Tbx5 (Bruneau et al.,
1999; Kuo et al., 1997; Lints et al., 1993; Molkentin et al.,
997). These genes are also expressed in the adult heart,
nes: (A) 1H cell line (34100); (B) ECL-2 cell line (33500). The 1H
ated, with few organelles except prominent rough endoplasmic
ells lined up in a row with primitive cell junctions, but with noell li
renti
of cut the only point of spatiotemporal overlap of these
s of reproduction in any form reserved.
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515Discovery of Genes Involved in Early Heart Developmentgenes and the Nkx2.5 promoter elements used in these
studies is in the early heart-forming region. For example,
FIG. 7. Expression of Hic-5 and TEF-5 during mouse development
mbryo. Strong expression was seen in the atria and ventricles of the
nd in the developing limbs. (B) Hic-5 was expressed in the atria and v
arrowheads). Abbreviations: A, atria; fl, forelimb; fn, frontonasal procTbx5 is expressed throughout the early heart-forming
Note. Detected by Affymetrix GeneChips.
Copyright © 2001 by Academic Press. All rightregion and posterior fused heart tube (Liberatore et al.,
2000), but is restricted to the atria of the adult heart
ole-mount in situ hybridizations. (A) TEF-5 expression in an E10.5
, as well as in the hyoid arch, mandibular and frontonasal processes,
les of the heart of an E9.5 embryo (arrow) and the developing somites
hl, hindlimb; hy, hyoid arch; md, mandibular process; V, ventricle.. Wh
heart
entric(Chapman et al., 1996; Gibson-Brown et al., 1998). Dur-ABLE 1
artial List of Genes Expressed in the 1H or ECL-2 Cell Lines as Determined by Oligonucleotide Microarrays
Gene description GenBank Accession Number
STAT-3, member of the Signal transducer and activator of transcription factor family U08378
STAT-4, member of the Signal transducer and activator of transcription factor family U09371
Jak3, member of the receptor-associated tyrosine kinases L33768
Jak1, member of the receptor-associated tyrosine kinases aa066354
Tyk2, tyrosine protein kinase aa003984
VEGF-B, vascular endothelial growth factor B U43836
Connexin 45, gap junction protein X63100
Prx2, homeobox transcription factor X52875
Msx2, homeobox transcription factor L11739
dHAND, basic helix–loop–helix transcription factor U40039
RXR-alpha, retinoic acid signaling transcription factor X66223
Sox-4, member of the SRY family of transcription factors X70298
Smooth muscle a-actin aa073743
Skeletal muscle a-actin W89940
Cardiac muscle a-actin M15501
VCAM-1, vascular cell adhesion molecule L22355
SM-22 a, a calponin-related protein L41154
Cardiac troponin-T L47570
Cardiac troponin-C J04971
MLC-2a aa153337
a-tropomyosin aa119168
b-tropomyosin M81086s of reproduction in any form reserved.
FIG. 8. Expression of Hic-5 in the developing mouse embryo. (A) Dark-field illuminated photomicrograph of a section of an E8.5 embryo
hybridized with the antisense probe for Hic-5. The section includes part of the neural tube (NT) at the top of the photomicrograph and the
developing heart tube (HT). There was a positive signal (bright white grains) in the wall of the developing heart (arrows). (B) Section through
the dorsolateral region of the E10.5 embryo. The section includes the neural tube (NT) and all three layers of the somite (bracket):
dermatome (DM), myotome (MY), and sclerotome (SC). There was a band of positive signal in the myotome layer (arrow). (C) Section
through the thoracic region of an E14.5 embryo. The heart showed signal (arrow) in the atrium (AT) of the heart and weaker signal in the
ventricle of the heart (VT). (D) Section through the abdominal cavity of an E14.5 embryo. The stomach (ST) showed strong signal in the
developing smooth muscle layer (arrows). The liver (LV) was negative except for expression in the megakaryocytes (see also G below). (E)
Section through the thoracic region of an E14.5 embryo. This section showed the lung (LU) with a signal in the mesenchymal stromal layer
of the bronchial airways (arrows). The asterisk shows the lumen of a more proximal airway with a layer of signal in the wall of the
developing bronchus. (F) Section through the abdominal cavity of an E16.5 embryo. There was a strong layer of signal (arrows) in the wall
of the intestine (In) and in the wall of the developing bladder (Bl). (G) Section through the heart (He) and liver (Lv) of an E16.5 embryo. There
was still a weak signal in the ventricle of the heart and the positive signal in the liver was in the megakaryocytes (arrows). (H) Section
through the chest wall of an E16.5 embryo. There was a positive signal (arrow) in the intercostals muscle tissue (IC) but no signal in the
adjacent rib cartilage (Ca). All photomicrographs are dark-field illuminated at a magnification of 3100.
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517Discovery of Genes Involved in Early Heart Developmenting development the expression of dHAND becomes
restricted to the developing atria and future right ven-
tricle (Srivastava et al., 1995; Thomas et al., 1998). The
gene-expression, immunohistochemistry, and electron
microscopy data all indicated that the cell lines are
representative of primitive cardiomyocytes.
Previous studies have shown that SV40 Tag expression
often results in both immortalization and developmental
arrest. For example, a series of promoters were used in
conjunction with SV40 Tag in transgenic mice to make
lineage and developmental timing specific cell lines from
the pituitary. When the beta subunit luteinizing hormone
promoter was used, cell lines representing a late stage of
gonadotrope differentiation resulted. However, when the
alpha-subunit glycoprotein promoter was used, which is
activated earlier in development, cell lines representing an
earlier stage in gonadotrope differentiation resulted (Alarid
et al., 1996). These results suggest that cells are develop-
mentally arrested at the stage of onset of SV40 Tag expres-
sion. Therefore, in the Nkx2.5–SV40 Tag transgenics in this
study it is possible that primitive cardiomyocytes were
developmentally arrested following the early onset of SV40
Tag expression. Alternatively, it has been observed that
both growth in culture and transformation can lead to loss
of differentiation markers (Diamandopoulos et al., 1976).
This suggests that the cell lines described in this report
might have acquired their primitive properties through
dedifferentiation rather than developmental arrest. It is
interesting to note, however, that previous heart cell lines
made with SV40 Tag driven by late promoters showed
properties of highly differentiated cardiomyocytes. This
shows that the expression of SV40 Tag in heart cells and
subsequent growth in culture does not necessarily result in
dedifferentiation to an early cardiomyocyte. Regardless of
how these cells arrived at their current state, they provide
useful experimental systems for the study of early heart
development.
It is interesting to note, however, that not all of the cells
of the Nkx2.5–SV40 Tag transgenic hearts were develop-
mentally arrested, because hearts did still form. It is pos-
sible that some of the mice were mosaic, with only a
fraction of the cells carrying the transgene. In this case the
transgenic cells could be developmentally arrested while
the surrounding nontransgenic cells would proceed to make
a heart. In other transgenics there may have been mosaic
expression of a uniformly present transgene. Such mosaic or
“spotty” expression is a commonly observed result of
repeat induced silencing, a poorly understood phenomenon
caused by the concatemer transgene structure (Garrick et
al., 1998; Henikoff, 1998). It is possible that in other
Nkx2.5–SV40 Tag transgenics there was uniform transgene
expression, resulting in early, complete developmental ar-
rest of the heart and early embryonic death. Such embryos
would have gone undetected in these studies.
We generated an extensive catalog of the genes expressed
in the 1H and ECL-2 cell lines. This catalog has been
validated by the presence of a number of known early
Copyright © 2001 by Academic Press. All rightcardiac markers and has served to identify new candidate
gene regulators of early heart development. For example,
our results demonstrated that Hic-5 is expressed in several
muscle cell types, suggesting that this gene may be in-
volved in cardiac, skeletal, and smooth muscle develop-
ment. Indeed, it has been shown that overexpression of
Hic-5 in C2C12 cells, a model cell line for examining
skeletal muscle differentiation, can block myotube forma-
tion and promote apoptosis when the cells are exposed to
differentiation medium (Hu et al., 1999). This block in the
formation of myotubes can be overcome by the expression
of MyoD, consistent with Hic-5 functioning as a negative
regulator of muscle differentiation. The precise role of
Hic-5 in heart development remains to be defined.
The transcription enhancer factor-5 (TEF-5) belongs to a
family of proteins sharing the TEA DNA-binding domain,
which shows a remarkable degree of conservation between
yeast and humans (Davidson et al., 1988; Ishiji et al., 1992;
Xiao et al., 1991). Our analysis demonstrated that TEF-5 is
expressed in the developing heart as early as E9.5. Interest-
ingly, a related TEA domain family member, TEF-1, is also
expressed in the developing myocardium (Chen et al.,
1994). TEF-1 null mice die of cardiovascular abnormalities
characterized by a thinning of the ventricular wall, but with
normal overall heart architecture (Chen et al., 1994). It has
been proposed that TEF-1 is involved in the regulation of
several cardiac muscle specific genes including cardiac
troponin C and cardiac troponin I (Mar and Ordahl, 1988;
Nikovits et al., 1986; Parmacek et al., 1992). These genes
contain TEF-1 binding sites within their regulatory regions.
However, the loss of TEF-1 did not alter the expression of
these genes, perhaps due to compensation by related TEA
domain factor(s). Our results suggest that TEF-5 could
compensate for the loss of TEF-1 in the heart. The creation
of TEF-1/TEF-5 double knockout mice will be required to
fully characterize the contribution of these TEA domain
transcription factors in heart development.
The cell lines described in this report provide important
advantages over previously available cardiac cell lines.
These cell lines represent a primitive stage of cardiomyo-
cyte differentiation, as evidenced by the expression of early
cardiac markers. In addition, the cell lines derived from the
Nkx2.5– SV40 Tag transgenic mice are clonal and therefore
homogeneous. They are also stable and grow well in cul-
ture, allowing genetic manipulation and ample reagent
preparation. In contrast, previous heart cell lines made with
SV40 Tag used later-acting promoters, resulting in the
isolation of differentiated cardiomyocytes representative of
much later stages of heart development (Delcarpio et al.,
1991; Field, 1988; Katz et al., 1992). Cells immortalized by
other means have shown great promise for the study of
early cardiac development. These include embryonal carci-
noma (EC) cells, embryonic stem (ES) cells, and CMG cells,
a cardiomyogenic cell line derived from murine bone mar-
row stromal cells (Doetschman et al., 1985; Makino et al.,
1999; McBurney et al., 1982). These cells can be induced to
undergo cardiogenesis in culture. Unfortunately, they pro-
s of reproduction in any form reserved.
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518 Brunskill et al.vide an extremely heterogeneous cell population. Only a
small percentage of ES cells, EC cells, and CMG cells can be
induced to differentiate into cardiomyocytes. In addition,
these cells differentiate into a variety of cardiomyocyte
types. For example, embryoid bodies from induced ES cells
form sinusoidal, atrial, and ventricular cardiomyocytes
(Maltsev et al., 1993). Furthermore, the induced cells are
not locked into a single stage of development, but rather
undergo differentiation with time. In some cases this is an
advantage, but in others a disadvantage. The cell lines
described in this study provide a homogeneous “freeze-
frame” picture of a primitive stage of heart development.
In summary, the cell lines described in this report provide
new experimental systems for the study of heart develop-
ment. We demonstrated the usefulness of these cell lines
for the discovery of new genes involved in cardiogenesis.
Two genes, Hic-5 and TEF-5, were selected from the catalog
f genes expressed in the 1H and ECL-2 cell lines, and both
ere found to be expressed in the early developing heart.
urthermore, promoter analysis in these new cell systems
ould accelerate our understanding of the upstream control
f genes of key importance in early cardiogenesis. In addi-
ion these cell lines can be used to study the downstream
argets of the transcription factor genes that they express.
y introducing inducible dominant-negative constructs it
ill be possible to make duplicate cell lines with and
ithout the function of a given transcription factor. Oligo-
ucleotide microarrays can then be used to identify down-
tream targets that show altered expression levels (Harkin
t al., 1999; Lee et al., 1999; Li et al., 1999). In conclusion,
the cell lines described in this report may prove to be
valuable reagents that speed our understanding of the
molecular hierarchy of early heart development.
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